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Superconducting Volume Fraction in Overdoped Regime of La^^Sr^CuO^ 
Implication for Phase Separation from Magnetic-Susceptibility Measurement 
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We have grown a single crystal of I^-^SrajCuCU in which the Sr concentration, x, contin- 
uously changes from 0.24 to 0.29 in the overdoped regime and obtained many pieces of single 
crystals with different x values by slicing the single crystal. From detailed measurements of the 
magnetic susceptibility, x, of each piece, it has been found that the absolute value of \ a t the 
measured lowest temperature 2 K, |%2k|, on field cooling rapidly decreases with increasing x as 
well as the superconducting (SC) transition temperature. As the value of |x2k] is regarded as 
corresponding to the SC volume fraction in a sample, it has been concluded that a phase sepa- 
ration into SC and normal-state regions occurs in a sample of La2- :c Sr a; Cu04 in the overdoped 
regime. 
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The study of the electronic states of high-T c cuprates 
has been a central issue to elucidate the mecha- 
nism of high-T c superconductivity. Compared with the 
underdoped regime in which extensive studies have 
been carried out, physical properties in the overdoped 
regime have not been so clarified. The microscopic 
electronic inhomogeneity in the Cu0 2 plane suggested 
from scanning-tunneling-microscopy (STM) measure- 
ments was a sensational observation. 1 In optimally doped 
Bi 2 Sr 2 CaCu 2 0s+,5 (Bi-2212), it was suggested that both 
the local density of states and the superconducting (SC) 
gap were spatially inhomogeneous. Such electronic in- 
homogeneity was observed in slightly underdoped and 
overdoped Bi-2212 as well. 2 However, the inhomogene- 
ity in the Cu0 2 plane has still been a controversial is- 
sue, because STM measurements are very sensitive to the 
surface electronic state, which may sometimes be rather 
different from the bulk one. In order to confirm the in- 
homogeneity, measurements reflecting bulk properties of 
a sample are absolutely required. 

As for the electronic inhomogeneity in the overdoped 
regime, transverse-field muon-spin-relaxation (/iSR) 
measurements in the overdoped regime of Tl 2 Ba 2 Cu06+,5 
revealed that the muon-spin depolarization rate in the 
ground state, regarded as being proportional to the SC 
carrier density divided by the effective mass, n s /m*, 
decreased with an increase in the hole concentration, 
p. 3 ' 4 It was speculated that a microscopic phase sep- 
aration into SC and normal-state regions occurred in 
the overdoped high-T c cuprates. 5 Similar results were 
also obtained from the /zSR measurements in the over- 
doped regime of (Y, Ca)Ba 2 Cu307_,5 (Y/Ca-123) and 
Tli_„Pb„Sr 2 Cai_„Y„Cu 2 7 . 6 

One conclusive way to prove the phase separation is to 
study the SC volume fraction. Formerly, Nagano et al. re- 
ported from measurements of the magnetic susceptibility, 
X, in La^^Sr^CuO^ (LSCO) that the shielding volume 



fraction, obtained from \ at 4.2 K on zero-field cool- 
ing using a bulk sample, was almost 100% in the range 
0.07 < x < 0.27. 7 They insisted that the SC volume frac- 
tion was nearly 100% in the whole SC regime of LSCO. In 
general, however, the shielding volume fraction is larger 
than the real SC volume fraction in the case of the ex- 
istence of non-SC regions in a sample, namely, when the 
microscopic phase separation into SC and normal-state 
regions takes place. Therefore, the so-called Meissner vol- 
ume fraction obtained from \ on field cooling is necessary 
for the estimation of the SC volume fraction. 

In this paper, we have investigated the detailed p de- 
pendence of x on field cooling, using many pieces of single 
crystals with different x values obtained by slicing a large 
Sr-concentration-gradient single crystal in which the Sr 
concentration continuously changes from 0.24 to 0.29 in 
the overdoped regime of LSCO. Our study is based upon 
precise measurements using these adequate samples, be- 
cause the samples obtained from the Sr-concentration- 
gradient single crystal have the same crystallinity, which 
makes the vortex-pinning effect by crystal imperfections 
almost identical to each other. The other reason is that 
the powder samples prepared by crushing each piece of 
single crystal are used in order to keep the influence of 
the size of the sample, the demagnetizing field and the 
anisotropy of x almost identical to each other. We have 
found that not only the SC transition temperature, T c , 
but also the absolute value of x a t the measured lowest 
temperature 2 K, |x 2 k|, rapidly decreases with increas- 
ing x, indicating the decrease in the SC volume fraction 
with increasing x. These findings strongly suggest that a 
phase separation into SC and normal-state regions occurs 
in the overdoped regime of LSCO. 

A Sr-concentration-gradient single crystal of LSCO 
with x ranging from 0.24 to 0.29 was grown by the 
traveling-solvent floating-zone (TSFZ) method under 
flowing 2 gas of 4 or 9 bar. The details of the prepa- 
ration of powders for the feed and solvent rods have 
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Fig. 1. (a) (Color online) As-grown single-crystal rod of Sr- 
concentration-gradient La2— ^Sr^CuC^. (b) Sr-concentration, x, 
estimated from ICP-AES vs growth position of single-crystal rod. 
Note that the horizontal axis corresponds to the photo in (a). 

been reported elsewhere. 8 For the feed rod, stoichiomet- 
ric powders of LSCO with x = 0.25, 0.26, 0.27, 0.28, 
0.29, 0.30 were prepared. Then, the obtained fine pow- 
ders of each x were placed into a thin- walled rubber tube 
in order and formed into a cylindrical rod under hydro- 
static pressure. That is, x was changed discretely from 
0.25 to 0.30 at intervals of 0.01 in the feed rod in which 
the length of each x was ~ 20 mm. For the solvent, the 
composition was in the molar ratio of La : Sr : Cu = 3 
: 3 : 7. The as-grown single-crystal rod was annealed in 
flowing O2 gas of 1 bar at 900°C for 50 h, cooled down 
to 500°C at a rate of 8°C/h, kept at 500°C for 50 h 
and then cooled down to room temperature at a rate of 
8°C/h. (We call this 900°C annealing.) In order to fill 
up remaining oxygen vacancies after the 900°C anneal- 
ing, the crystal was further annealed in high-pressure O2 
gas of 1000 bar at 500°C for 2 weeks. (We call this HP 
annealing.) The Sr content of each part of the single- 
crystal rod was analyzed by inductively coupled plasma 
atomic emission spectrometry (ICP-AES). The oxygen 
deficiency was estimated from iodometric titration. \ 
measurements were carried out both on zero-field cool- 
ing and on field cooling at low temperatures down to 2 
K, using a superconducting quantum interference device 
(SQUID) magnetometer. The powder samples, obtained 
by slicing the single-crystal rod perpendicularly to the 
direction of the crystal growth to form many pieces of 1 
mm thickness and crushing them up, were used for the x 
measurements. The particle size in the powder samples 
was smaller than ~ 40 ^m. The distribution of x in one 
powder sample, Ax, was estimated from the ICP-AES to 
be - 0.0005. 

Figure 1(a) displays an as-grown single-crystal rod of 
the Sr-concentration-gradient LSCO. The size is 4 mm in 
diameter and 120 mm in length. The quality was checked 
by X-ray back-Laue photography to be good. The full- 
width at half maximum of the (006) rocking curve in a 
part of the crystal was measured to be ~ 0.1°, which 



is comparable to that in the previous report. 9 The crys- 
tal was also checked by powder X-ray diffraction. Bragg 
peaks of LSCO and no impurities could be observed. As 
shown in Fig. 1(b), the x estimated from the ICP-AES 
increases almost monotonically in the direction of the 
crystal growth. Therefore, it is concluded that the growth 
of the Sr-concentration-gradient single crystal has been 
successful as we expected. 

The oxygen deficiency, 5, in La2_ a; Sr :I .Cu04_a with 
x = 0.271 grown under flowing O2 gas of 4 bar was esti- 
mated to be 6 = 0.014 ± 0.01 after the 900°C annealing 
and changed to be 5 — 0.008 ± 0.01 after the following 
HP annealing. Therefore, the HP annealing is regarded 
to cause an almost complete filling up of oxygen vacan- 
cies in the overdoped regime of La2_ a; Sr a ;Cu04_5 of x at 
least below ~ 0.27. 10 

The temperature dependence of x m a magnetic field 
of 10 Oc on field cooling for LSCO with x = 0.246-0.273 
is shown in Fig. 2(a), together with the data for polycrys- 
talline powder samples of LSCO with x = 0.18 — 0.22. 12 
The SC transition width appears to be rather broad for 
the samples shown here, which is probably due to the 
temperature dependence of the penetration depth. With 
increasing x, T c decreases and disappears for x > 0.273. 
Moreover, |x2k| also decreases with increasing x and be- 
comes almost zero for x > 0.273. Compared with the 
behavior of x for x = 0.18 - 0.22, \ for x > 0.246 is not 
saturated even at 2 K but seems to continue decreasing 
with temperature. However, the estimation of the ex- 
trapolated values of x at K allows us to find that |x| in 
the ground state, namely, the Meissner volume fraction 
decreases with increasing x for x > 0.246. 

Here, we mention the relation between |x| on field cool- 
ing and the magnitude of the applied magnetic field, H. 
When H is over the lower critical field, H c \, or when the 
vortex-pinning effect is strong, |x| tends to decrease with 
increasing H. Therefore, we also measured x f° r several 
x values on field cooling in a low magnetic field of 2 Oe. 
As shown in Fig. 2(b), |x2k| apparently decreases with 
increasing x, indicating that the decrease in the Meiss- 
ner volume fraction with increasing x is not due to H. 
Accordingly, these results suggest that the Meissner vol- 
ume fraction decreases inherently with increasing x in 
the overdoped regime of LSCO. 

Figure 3 displays the x dependence of T c , defined as the 
cross point between the extrapolated line of the steepest 
part of the Meissner diamagnetism and zero susceptibil- 
ity, and |x2k| in H = 10 Oc of LSCO. The data for the 
polycrystalline powder samples with x = 0.08 — 0.22 in 
H = 10 Oe on field cooling are also plotted for refer- 
ence. 12 ' 13 T c decreases with increasing x for x > 0.15 
and disappears at x ~ 0.273, which is consistent with 
the previous report. 7 On the other hand, the x depen- 
dence of |x2k| is quite suggestive; it shows the maximum 
at x ~ 0.18, decreases abruptly with increasing x for 
x > 0.18 and becomes zero at x ~ 0.273. That is, both 
T c and |x2K | seem to decrease cooperatively with increas- 
ing x in the overdoped regime of LSCO. 

First, we discuss the reason why |x2k| decreases with 
increasing x in the overdoped regime of LSCO. There 
are two possibilities. One is an increase in the vortex- 
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Fig. 2. Temperature dependence of magnetic susceptibility, \, for La2- a ;Sr a ;Cu04 with x = 0.246 — 0.273 in magnetic field of (a) 10 Oc 
and (b) 2 Oe on field cooling. The data for the polycrystalline powder samples with x = 0.18 — 0.22 are also plotted for reference. 12 
Note in (b) that error bars of each x shown at 2 K for reference were estimated from the dispersion of the magnetization curve in low 
fields. 



pinning effect with increasing x. In general, the vortex 
pinning is affected by crystal imperfections such as oxy- 
gen vacancies. 11 The number of oxygen vacancies in a 
sample tends to increase with x in the overdoped regime 
of LSCO, so that the vortex-pinning effect increases with 
x. In the present study, however, 5 was estimated to 
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Fig. 3. Sr-conccntration, x, dependence of (a) T c defined as cross 
point between extrapolated line of steepest part of Meissner dia- 
magnctism and zero susceptibility and (b) absolute value of \ 
at 2 K, |x2kI> of La2— scSr-cCuCU. The data for the polycrys- 
talline powder samples with x = 0.08 — 0.22 are also plotted for 
reference. 12, 13 



be less than 0.01 and almost the same for all samples 
of La 2 _ a; Sr :c Cu04- ( 5 with x = 0.246 - 0.273. Moreover, 
through the HP annealing for x = 0.273, |x2k| negligi- 
bly changed. Accordingly, it is unlikely that the decrease 
in |X2k| with increasing x is due to the increase in the 
vortex-pinning effect. 

The other is a decrease in the SC volume fraction. 
In fact, a similar decrease in the SC volume fraction 
was observed from |x2k| on field cooling in the par- 
tially Zn- or Ni-substituted L^-xSr^Cui-^Zn, Ni) 2/ 04 
around x — 0.115. 13,14 It is possible that a phase sep- 
aration into SC and normal-state regions in which the 
ground state is regarded as a so-called Fermi-liquid state 
takes place, so that the SC volume fraction decreases 
with increasing x. This is in sharp contrast with the 
model proposed by Niedermayer et al. 4 that the super- 
fluid and normal quasi-particles are homogeneously dis- 
tributed in the CuC-2 plane in the overdoped regime. 

Next, we discuss the reason why T c decreases with in- 
creasing x under the phase-separated state in the over- 
doped regime of LSCO. One possible reason is a decrease 
in n s in the SC region. The screening of the Coulomb in- 
teraction between holes in the normal state with p > 0.19 
per Cu is believed to be weaker than that in the Fermi- 
liquid state with p ~ 0.30 per Cu. Therefore, in the case 
that the loss of the Coulomb energy in the normal-state 
region surpasses the SC condensation energy in the SC 
region, it is possible that holes tend to gather into the 
normal Fermi-liquid state region out of the SC region, 
leading to the decrease in n s in the SC region. 5 The de- 
crease in n s is expected to result in the decrease in T c , 
as seen in the underdoped and optimally doped high-T c 
cuprates. 15 Another possible reason is a proximity effect. 
Supposed that, as suggested from the STM measure- 
ments, 1,2 a microscopic phase separation into SC and 
normal-state regions takes place, normal quasi-particles 
in normal-state regions penetrate into SC regions across 
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the boundary between SC and normal-state regions due 
to the proximity effect. When the size of each SC re- 
gion decreases with increasing x, the development of the 
SC order parameter in each SC region is suppressed, re- 
sulting in the decrease in T c . Therefore, assuming the 
microscopic phase separation, both decreases in T c and 
the SC volume fraction with increasing x can be ex- 
plained simultaneously. Linked with previous STM 2 and 
^SR 3 ~ 5 results, a microscopic phase separation into SC 
and normal-state regions might be an intrinsic bulk prop- 
erty of the overdoped high-T c cuprates. 

The origin of the phase separation in the overdoped 
regime of LSCO is an open issue. One possible origin 
is associated with the decrease in the SC condensa- 
tion energy in the overdoped regime. The SC conden- 
sation energy tends to decrease with increasing p toward 
the Fermi-liquid state with p ~ 0.30 in the overdoped 
regime. 16 In fact, the change of the Fermi-surface topol- 
ogy from hole-like to electron-like around x = 0.22 with 
increasing x, observed from an angle-resolved photoemis- 
sion experiment, 17 may result in the decrease in the SC 
condensation energy in the overdoped regime because of 
the reduction of the density of states originating from 
the so-called flat band around (n, 0) and (0, tt) in the 
reciprocal lattice space in which the magnitude of the d- 
wave SC gap shows the maximum. In this case, a phase 
separation into the SC region with p ~ 0.19 in which 
the SC condensation energy is maximum and the normal 
Fermi-liquid state region with p ~ 0.30 possibly takes 
place in the Cu02 plane so as to obtain a large gain of 
the SC condensation energy in the SC region at a small 
cost of the Coulomb energy in the normal-state region as 
mentioned in the preceding paragraph. Here, it is noted 
that the inhomogeneity of the electrostatic potential in 
the CuC>2 plane due to the randomness of La/Sr may 
assist in generating the phase separation. 

Another possible origin of the phase separation is the 
doping of holes not into the 0-2p state but directly into 
the Cu-3d state. In the overdoped regime, it is possi- 
ble that the 0-2p band and the so-called lower Hubbard 
band of the Cu-3d state overlap, so that a part of holes 
are doped into the Cu-3cZ band. Holes doped into the 
Cn-3d 3z 2 _ r 2 orbital tend to be localized, resulting in the 
appearance of free Cu spins and pair-breaking around 
themselves in the Cu02 plane. On the other hand, holes 
doped into the Cu-3d x 2_ y 2 orbital disturb the antifcr- 
romagnetic correlation between Cu spins, possibly relat- 
ing to the appearance of high-T c superconductivity, more 
markedly than holes doped into the 0-2p orbital and may 
produce free Cu spins as in the case of the partially Zn- 
substitutcd LSCO. 18 In any case, both of them may bring 
about the local destruction of superconductivity and the 
formation of a normal-state region around the Cu site 
with a hole, leading to a microscopic phase separation. 
In fact, this scenario is supported by the following two 
experimental results. The first is the appearance of the 
Curie term in the temperature dependence of \ in the 
overdoped regime of LSCO, 19-21 corresponding to the ap- 
pearance of free Cu spins in the Cu02 plane. The second 
is the suppression of the incommensurate spin correla- 



tion in the overdoped regime of LSCO, suggested from 
the broadening of the incommensurate magnetic peaks 
in the inelastic neutron-scattering experiment. 22 

Finally, we comment on the s-wave SC order pa- 
rameter mixing into the d-wave one in the overdoped 
regime of Y/Ca-123 and Bi-2212 systems pointed out 
from Raman-scattering measurements. 23 Considering 
the phase-separated state in which the magnitude of the 
SC gap is spatially inhomogeneous, it is possible that 
the superconductivity with the s-wave SC order parame- 
ter mixing into the d-wave one appears at the boundary 
between d-wave SC and normal-state regions. 24 

In summary, from the x measurements, not only T c 
but also the SC volume fraction has been found to de- 
crease rapidly with increasing x in the overdoped regime 
of LSCO. It is concluded that SC and normal-state re- 
gions arc phase-separated in a sample. Linked with the 
STM 2 and ^SR 3 ~ 5 results, the microscopic phase separa- 
tion might be a generic feature of the electronic state in 
the overdoped high-T c cuprates. At present, however, it is 
unclear whether the phase separation is microscopic or 
macroscopic, because there are several possible origins 
to bring about the phase separation in the overdoped 
regime. 
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